All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Currently one in every four deaths in the US is attributable to cardiovascular disease (CVD) \[[@pone.0154305.ref001]\]. Regulation of two controllable CVD-associated risk factors, namely serum cholesterol and triglyceride levels, is tightly linked to BA homeostasis. BAs, in addition to their established role in digestion, function as signaling molecules with systemic endocrine effects. BAs regulate not only their own uptake and synthesis, but also cholesterol and triglyceride homeostasis \[[@pone.0154305.ref002]--[@pone.0154305.ref004]\]. Consequently, modifications in BA-activated signaling pathways have become an attractive therapeutic target for treating hypercholesterolemia and hypertriglyceridemia. Identifying potential gene regulatory interactions between pharmaceutical interventions and natural treatments used in the amelioration of risk factors associated with CVD is important.

BAs are synthesized from cholesterol in the liver, secreted into bile, stored in the gall bladder, and post-prandially released to facilitate dietary lipid and fat-soluble vitamin absorption. They are reabsorbed in the terminal ileum and returned to the liver via the portal vein, in a process called enterohepatic recirculation \[[@pone.0154305.ref005]\]. Reuptake of BAs is facilitated via the apical sodium-dependent bile acid transporter (Asbt) \[[@pone.0154305.ref006]\], the expression of which is inversely regulated via BA activation of the farnesoid x receptor (Fxr) \[[@pone.0154305.ref007]\]. BAs are then transported to the basolateral membrane by ileal bile acid binding protein (Ibabp) \[[@pone.0154305.ref008]\] and released into portal circulation through the organic solute transporters α/β (Ostα/β) \[[@pone.0154305.ref009]\]. Typically 95% of the BAs are returned to the liver and eventually released back into the gall bladder, with the remaining 5% being replenished via endogenous biosynthesis from cholesterol \[[@pone.0154305.ref006]\].

The *Cyp7a1* gene, encoding cholesterol 7α-hydroxylase (the rate limiting enzyme in the classical (or neutral) pathway for BA biosynthesis \[[@pone.0154305.ref010]\]) is regulated via the gut-liver axis by intestinally-derived fibroblast growth factor 15 (*Fgf15*) \[[@pone.0154305.ref011]\]. *Fgf15* is induced via BA activation of Fxr, secreted into portal circulation, and upon reaching the liver, binds to Fgf receptor 4 (Fgfr4), signaling through c-Jun N-terminal kinase (Jnk) to repress *Cyp7a1* expression \[[@pone.0154305.ref012]\]. When BA levels are depleted, Fgf15 expression is decreased and Cyp7a1 is increased to initiate BA synthesis \[[@pone.0154305.ref011], [@pone.0154305.ref013]\]. *Cyp8b1*, encoding sterol 12α-hydroxylase, introduces a hydroxyl group at position 12 of the steroid nucleus, leading to the generation of cholic acid (CA) \[[@pone.0154305.ref014], [@pone.0154305.ref015]\]. Cyp7a1 governs the BA pool size, whereas Cyp8b1 is crucial for determining the BA pool composition \[[@pone.0154305.ref016], [@pone.0154305.ref017]\]. The classical pathway for BA synthesis accounts for at least 75% of the total BA pool \[[@pone.0154305.ref018]\]. Sterol 27-hydroxylase, encoded by the *Cyp27a1* gene, is important for the production of both CA and chenodeoxycholic acid (CDCA) \[[@pone.0154305.ref019]\]. In the alternative (or acidic) pathway, oxysterols generated by sterol 27-hydroxylase are hydroxylated at the 7α position by oxysterol 7α-hydroxylase (Cyp7b1), before eventually being converted to CDCA \[[@pone.0154305.ref020]\]. Increased conversion of cholesterol into BAs ultimately leads to a decrease in intracellular cholesterol stores \[[@pone.0154305.ref021]\]. This results in increased low density lipoprotein (LDL) receptor (*Ldlr*) expression, leading to increased LDL uptake and decreased plasma LDL levels \[[@pone.0154305.ref021], [@pone.0154305.ref022]\].

To maintain homeostasis, the body must replenish intracellular cholesterol pools via increased cholesterol synthesis, which occurs largely in the liver and intestine \[[@pone.0154305.ref023], [@pone.0154305.ref024]\]. Synthesis of cholesterol is controlled by the transcription factor sterol regulatory element binding protein 2 (encoded by the *Srebf2* gene), which positively regulates cholesterol synthesis via 3-hydroxy-3-methylglutaryl-CoA synthase 1 (Hmgcs1) and 3-hydroxy-3-methylglutaryl-CoA reductase (Hmgcr) \[[@pone.0154305.ref025]\]. Newly synthesized cholesterol is esterified by acetyl-CoA acetyltransferase 2 (Acat2) \[[@pone.0154305.ref026]\], and loaded onto apolipoprotein (apo)-B containing lipoproteins (chylomicrons in the intestine and VLDL or LDL in the liver) via microsomal triglyceride transfer protein (Mttp) \[[@pone.0154305.ref027]--[@pone.0154305.ref029]\]. Scavenger receptor class b, member 1 (Scarb1) is important for dietary cholesterol uptake and has been implicated in increased chylomicron synthesis in the intestine \[[@pone.0154305.ref030]\]. Additionally, intestinal ATP-binding cassette, sub-family a, member 1 (Abca1) mediates the transfer of cholesterol and phospholipids to apolipoprotein A1 and ApoE, facilitating the formation of nascent HDL \[[@pone.0154305.ref031]\].

BAs also regulate TG homeostasis via Fxr activation, leading to increased expression of small heterodimer partner (Shp), which ultimately represses sterol regulatory element binding protein 1c (Srebp1c, encoded by the *Srebf1c* gene) \[[@pone.0154305.ref004]\]. Diminished expression of Srebp1c leads to repressed lipogenic gene expression, including fatty acid synthase (*Fasn*), acetyl CoA carboxylase 1 (*Acc1*), and stearoyl CoA desaturase (*Scd1*). In addition, Fgf15/19 (Fgf15 in mouse and its human ortholog FGF19) signaling leads to indirect suppression of hepatic Srebp1c activity, by increasing signal transducer and activator of transcription 3 (STAT3) phosphorylation and down-regulating peroxisome proliferator-activated receptor coactivator 1-beta (Pgc-1β) expression, thereby inhibiting Srebp1c transcriptional activity at the *Fasn* and *Acc* promoters \[[@pone.0154305.ref032], [@pone.0154305.ref033]\]. Also, Fgf15/19 signaling increases the atypical protein kinase isoform Czeta, PKCζ, leading to increased phosphorylation of Shp on Thr-55, which subsequently represses Srebp1c-mediated *Fas*n and *Acc* transcription \[[@pone.0154305.ref032], [@pone.0154305.ref034]\].

BA sequestrants have been used for over 40 years as a means to impact lipoprotein metabolism and lower serum cholesterol levels \[[@pone.0154305.ref021]\]. These agents bind BAs in the intestine and reduce transhepatic BA flux, leading to the accelerated conversion of cholesterol into BAs \[[@pone.0154305.ref035]\]. The consequential reduction in intracellular cholesterol stores initiates the activation of HMGCoA reductase, leading to increased *de novo* cholesterol synthesis. BA sequestrants may be prescribed to patients as a monotherapy or combination therapy with statins or other lipid-lowering agents to provide a more aggressive LDL-lowering regimen \[[@pone.0154305.ref036], [@pone.0154305.ref037]\]. CHY therapy may modestly increase TG levels, however, concentrations do not generally exceed the upper limit for the normal range \[[@pone.0154305.ref021]\]. Dramatic increases in TG levels usually occur during BA sequestrant therapy in individuals with a metabolic defect affecting the catabolism of TG-containing lipoproteins \[[@pone.0154305.ref021]\], and are not indicated for those patients with pre-existing hypertriglyceridemia \[[@pone.0154305.ref038]\].

We previously showed that GSPE functions in an Fxr-dependent manner \[[@pone.0154305.ref039]\], reduces enterohepatic BA recirculation, resulting in decreased serum cholesterol and triglyceride levels \[[@pone.0154305.ref040]\], and attenuates fructose-induced hypertriglyceridemia \[[@pone.0154305.ref041]\]. Currently over 33% of adults in the US utilize complementary and alternative medicine strategies \[[@pone.0154305.ref042]\], therefore it is possible that patients may take a grape seed extract in combination with a BA sequestrant, such as CHY. Consequently, this study was designed to gain further insight into the molecular regulatory effects of GSPE and CHY on BA, cholesterol and TG homeostatic gene expression when administered alone and in combination.

Materials and Methods {#sec002}
=====================

All chemicals were obtained from ThermoFisher Scientific (Picastaway, NJ) unless otherwise stated. Grape Seed Procyanidin Extract (GSPE) was obtained from *Les Dérives Résiniques et Terpéniques* (Dax, France), and is comprised of procyanidin monomers (68.68 ± 0.02%), dimers (26.16 ± 0.01%) and trimers (5.16 ± 0.02%) \[[@pone.0154305.ref041]\].

Animal care, diets and treatments {#sec003}
---------------------------------

Mice were housed under standard conditions and all experimental procedures were approved by the local Institutional Committee for Care and Use of Laboratory Animals (IACUC) at the University of Nevada, Reno (Protocol\# 00502). Age-matched groups of male C57BL/6 mice were used in all experiments, and were housed in the Laboratory of Animal Medicine (LAM) at the University of Nevada, Reno and provided access to chow and water *ad libitum*. Mice were purchased from Charles River Laboratories (Wilmington, MA) at 7 weeks of age and allowed to acclimate in the LAM for one week. At 8-weeks of age the mice were given either a control (standard chow, Harlan Teklad rodent diet 2019) or a 2% cholestyramine-supplemented diet (Harlan Teklad diet: TD.110785) for 4 weeks (n = 18 per group). Body weight for each mouse was recorded weekly. After 4 weeks, the mice in each group were randomly assigned to one of two treatment groups and orally gavaged with either vehicle (water) or GSPE (250 mg/kg) and terminated 14 hours later (n = 9 per experimental group). The four treatment groups were as follows: 1. **CON**: Control diet for 4 weeks followed by oral gavage with vehicle (water) for 14 hrs; 2. **GSPE**: Control diet for 4 weeks followed by oral gavage with 250 mg/kg GSPE for 14 hrs; 3. **CHY**: 2% cholestyramine-supplemented diet for 4 weeks followed by oral gavage with vehicle for 14 hrs; and 4. **CHY+GSPE**: 2% cholestyramine-supplemented diet for 4 weeks followed by oral gavage with 250 mg/kg GSPE for 14 hrs. The dose of procyanidins used is one-fifth of the no-observed-adverse-effect level (NOAEL) described for GSPE in male rats \[[@pone.0154305.ref043]\] and we previously showed that this dose reduces serum TG levels in normolipidemic C57BL/6 mice \[[@pone.0154305.ref039], [@pone.0154305.ref040], [@pone.0154305.ref044]\] and fructose-induced hypertriglyceridemic rats \[[@pone.0154305.ref041]\]. Blood was collected from the orbital plexus under isoflurane anesthesia, and intestines and livers were snap-frozen in liquid nitrogen and stored at --80°C until use. At the start of the 14 hr experiment mice were placed into clean cages, and feces were manually collected at the end of the study, air-dried and weighed.

RNA isolation and gene expression analysis {#sec004}
------------------------------------------

Total RNA was extracted from tissues using TRIzol (Life Technologies) according to the manufacturer's protocol. Complementary DNA (cDNA) was reverse transcribed using superscript III reverse transcriptase (Life Technologies), and real-time quantitative polymerase chain reaction (qPCR) was used to determine gene expression changes. qPCR was performed using a CFX96 Real-Time System (BioRad). Forward and reverse primers and probes were designed using Oligo Architect Software (Sigma-Aldrich) and obtained from Sigma-Aldrich or Integrated DNA Technologies. Primer and probe sequences can be found in [S1 Table](#pone.0154305.s001){ref-type="supplementary-material"}. Expression of *cyclophilin*, glyceraldehyde-3-phosphate dehydrogenase (G*apdh)* and TATA-binding protein (*Tbp)* and were used as endogenous controls. Target gene expression was normalized to the average of two or three endogenous control genes (intestine: *Gapdh* and *Tb*p; liver: *cyclophillin*, *Gapdh* and *Tbp*), and the ΔΔCt method was used to calculate the fold change in gene expression. Each sample was analyzed in duplicate.

Plasma biochemical analyses {#sec005}
---------------------------

Serum triglyceride and total cholesterol levels were measured enzymatically using Infinity^™^ kits (ThermoFisher) according to the manufacturers' instructions using 1.5 μl serum and 150 μL of reagent. Serum bile acid concentrations (20 μL per sample) were measured enzymatically using the Total Bile Acids Assay kit from Diazyme Laboratories. Alanine aminotransferase (ALT: (SGPT) Reagent Set, Cat. No.: A526-120) and aspartate aminotransferase (AST: (SGOT) Reagent Set, Cat. No.: A561-120) were measured using colorimetric based kits from Teco Diagnostic, according to the manufacturers' instructions, using 100 μL of sample and 500 μL of reagent. All analyses were performed in triplicate using a Biotek Synergy HT microplate reader.

Measurement of fecal bile acid, cholesterol, non-esterified fatty acid and total lipid excretion {#sec006}
------------------------------------------------------------------------------------------------

To determine fecal bile acid excretion, a modified version of the method reported by Modica and colleagues \[[@pone.0154305.ref045]\] was used to measure the bile acid content, as previously described \[[@pone.0154305.ref040], [@pone.0154305.ref041]\]. Fecal cholesterol and non-esterified fatty acids were extracted as previously described \[[@pone.0154305.ref041]\], and cholesterol levels were measured using a colorimetric Infinity^™^ cholesterol assay kit and non-esterified fatty acids were quantified using a Wako diagnostics HR Series NEFA-HR (2) assay. Total fecal lipids were assessed as previously described \[[@pone.0154305.ref041]\] and results are expressed as mg lipid/g dry fecal weight.

Statistical Analysis {#sec007}
--------------------

One-way analysis of variance (ANOVA) with Holm-Sidak post-hoc analysis was employed to detect significant differences between groups. Treatment differences were considered statistically significant at p\<0.05. All statistical analyses were performed using GraphPad Prism version 6.05 for Windows, GraphPad Software (San Diego, CA).

Results and Discussion {#sec008}
======================

Each individual mouse was weighed weekly during the 4 week dietary intervention period, and as shown in [Table 1](#pone.0154305.t001){ref-type="table"}, the mice fed the 2% CHY-supplemented diet showed no significant differences in body weight compared to the control group at any time during the study.

10.1371/journal.pone.0154305.t001

###### Average weekly mouse weight (g) during dietary intervention.

![](pone.0154305.t001){#pone.0154305.t001g}

  Week \#             0            1            2            3            4
  ------------------- ------------ ------------ ------------ ------------ ------------
  Control diet        23.7 ± 0.2   24.4 ± 0.3   25.2 ± 0.3   25.8 ± 0.3   26.5 ± 0.4
  2% Cholestyramine   23.4 ± 0.3   24.5 ± 0.3   25.1 ± 0.3   25.5 ± 0.4   26.4 ± 0.4

Data represent mean ± SEM, n = 18 per diet.

GSPE and cholestyramine differentially modulate bile acid uptake and transport {#sec009}
------------------------------------------------------------------------------

Our first aim was to determine the effects of GSPE, CHY and co-administration with CHY+GSPE on intestinal BA uptake and transporter gene expression in order to elucidate any differences and/or interactions at the transcriptional level.

As shown in [Fig 1A](#pone.0154305.g001){ref-type="fig"}, apical intestinal BA transport is regulated differently by GSPE and CHY. In agreement with our previous report \[[@pone.0154305.ref040]\], *Asbt* expression was significantly reduced by GSPE treatment, indicating decreased BA transport into the intestine. In contrast, CHY treatment robustly induced *Asbt* expression. Decreased apical BA uptake in both the CHY and CHY+GSPE groups, resulting from the BA binding action of this resin, is the probable explanation for the observed increase in *Asbt* expression. GSPE administration also caused a decrease in both *Ibabp* ([Fig 1B](#pone.0154305.g001){ref-type="fig"}) and *Fgf15* expression ([Fig 1C](#pone.0154305.g001){ref-type="fig"}), consistent with previous reports \[[@pone.0154305.ref040]\], while CHY and CHY+GSPE further reduced the levels of both of these genes. Reduced *Fgf15* expression following CHY treatment is also consistent with previous reports in human subjects who displayed an 87% reduction in serum FGF19 levels; and in rats where a \>95% reduction in Fgf15 expression was observed \[[@pone.0154305.ref046]\].

![GSPE and cholestyramine differentially alter intestinal bile acid homeostatic gene expression.\
Gene expression changes were analyzed for (A) *Asbt*, (B) *Ibabp*, and (C) *Fgf15*. Statistical differences are shown as: \*p≤0.05, \*\* p≤0.01, \*\*\*\* p≤0.0001.](pone.0154305.g001){#pone.0154305.g001}

Cholestyramine and GSPE collectively increase hepatic bile acid biosynthesis {#sec010}
----------------------------------------------------------------------------

Based on the finding that BA uptake into the intestine is differentially altered by CHY and GSPE through modulation of *Asbt* expression, we next examined their effect on hepatic BA biosynthetic gene expression. GSPE treatment upregulated *Cyp7a1* expression ([Fig 2A](#pone.0154305.g002){ref-type="fig"}) while CHY induced expression 8-fold compared to the control, facilitating increased BA biosynthesis to replenish those lost via the feces following administration. Interestingly, the CHY+GSPE group displayed a nearly 13-fold increase in *Cyp7a1* expression, compared to control, suggesting that GSPE, in combination with CHY, exerts an additive effect on *Cyp7a1* regulation. This may be linked to the reduced *Asbt* expression induced by GSPE in the intestine. Previous studies showed that *Cyp8b1* expression increases concomitant with *Cyp7a1* expression \[[@pone.0154305.ref047]\]. In agreement, *Cyp8b1* expression was increased by CHY and CHY+GSPE treatment. However, *Cyp8b1* expression was not significantly affected by GSPE treatment alone in this study ([Fig 2B](#pone.0154305.g002){ref-type="fig"}). *Cyp27a1* expression was not significantly altered by treatment with either GSPE or CHY alone, but was increased by CHY+GSPE, compared to control ([Fig 2C](#pone.0154305.g002){ref-type="fig"}). *Cyp7b1* expression was decreased following CHY or GSPE treatment, but no change was observed in the CHY+GSPE group, compared to control ([Fig 2D](#pone.0154305.g002){ref-type="fig"}). Overall the data indicates that BA biosynthesis is induced by all treatments compared to control.

![GSPE and cholestyramine induce the hepatic expression of genes regulating bile acid synthesis.\
Gene expression was analyzed for (A) *Cyp7a1*, (B) *Cyp8b1*, (C) *Cyp27a1*, and (D) *Cyp7b1*. Statistical differences are shown as: \*p≤0.05, \*\* p≤0.01, \*\*\*p≤0.001, \*\*\*\* p≤0.0001.](pone.0154305.g002){#pone.0154305.g002}

Intestinal cholesterol transport and synthesis are differentially regulated by GSPE and cholestyramine {#sec011}
------------------------------------------------------------------------------------------------------

BA and cholesterol homeostasis are tightly regulated along the gut-liver axis and based on the observed differences in intestinal BA uptake and hepatic BA biosynthesis, we next examined the effect on intestinal apical cholesterol transport and synthesis. GSPE administration significantly reduced *Abcg5* expression ([Fig 3A](#pone.0154305.g003){ref-type="fig"}), while *Abcg8* expression was not significantly changed ([Fig 3B](#pone.0154305.g003){ref-type="fig"}). Reduced Abcg5 expression following GSPE treatment may lead to reduced transport of intracellular cholesterol into the lumen of the intestine.

![GSPE decreases the expression of intestinal apical cholesterol transporters, but not in combination with cholestyramine.\
Gene expression was analyzed (A) *Abcg5*, (B) *Abcg8*, and (C) *Npc1l1*. Statistical differences are shown as: \*p≤0.05, \*\* p≤0.01.](pone.0154305.g003){#pone.0154305.g003}

GSPE significantly decreased the expression of *Npc1l1* ([Fig 3C](#pone.0154305.g003){ref-type="fig"}), a crucial transporter for dietary cholesterol uptake, whereas CHY and CHY+GSPE had no such effect. These contrasting effects suggest that the cholesterol flux into the enterocyte may not be the regulatory step to control cholesterol absorption in the presence of CHY, in agreement with previous reports \[[@pone.0154305.ref048]\]. Curcumin, another dietary polyphenol, was also reported to decrease *Npc1l1* expression \[[@pone.0154305.ref049]\]. Therefore, it is possible that GSPE, by inhibiting *Npc1l1* expression, functions in a similar manner to inhibit intestinal cholesterol uptake, however, the exact mechanism by which this occurs warrants further investigation.

As shown in [Fig 4A](#pone.0154305.g004){ref-type="fig"}, *Srebf2* expression was unchanged by any of the treatments, whereas CHY significantly increased the expression of genes responsible for intestinal cholesterol synthesis, including *Hmgcs1* and *Hmgcr* ([Fig 4B and 4C](#pone.0154305.g004){ref-type="fig"}). Next, we investigated whether there were any changes in the expression of genes regulating cholesterol esterification and basolateral transport. Expression of *Acat2* was increased only in the presence of both GSPE and CHY ([Fig 4D](#pone.0154305.g004){ref-type="fig"}), as was *Mttp* expression ([Fig 4E](#pone.0154305.g004){ref-type="fig"}). *Scarb1* expression was also increased by CHY and CHY+GSPE, compared to control ([Fig 4F](#pone.0154305.g004){ref-type="fig"}). Collectively, these results suggest that the CHY-treated animals are attempting to take in more cholesterol from both dietary and endogenous sources via increased *scarb1* expression, possibly as a compensatory mechanism consequential to significantly reduced luminal BA levels following CHY treatment. The results also indicate that there may be increased cholesterol synthesis within the enterocyte. Previous reports have suggested the presence of a substance within bile that normally inhibits intestinal steroidogenesis \[[@pone.0154305.ref050]\]. Therefore, a substantial decrease in BA uptake following CHY treatment would likely initiate increased cholesterol synthesis within the enterocyte. Newly synthesized cholesterol could then be esterified by Acat2 and subsequently loaded onto chylomicrons for export into the lymphatic system in the CHY+GSPE treated animals, which is consistent with previous reports showing that cholesterol synthesized in the gut enters the lymph, eventually becoming part of the circulating cholesterol pool \[[@pone.0154305.ref051]\]. Alternatively, CHY-treatment is known to cause intestinal cellular damage \[[@pone.0154305.ref052], [@pone.0154305.ref053]\] and since newly synthesized cholesterol is primarily used for structural purposes \[[@pone.0154305.ref050]\] it could be used to protect the intestine against CHY-induced damage and to help maintain intestinal cell membrane integrity.

![Effects on intestinal cholesterol synthesis and transporter gene expression following treatments.\
Gene expression was analyzed for (A) *Srebf2*, (B) *Hmgcs1*, (C) *Hmgcr*, (D) *Acat2*, (E) *Mttp*, and (F) *Scarb1*. Statistical differences are shown as: \*p≤0.05, \*\*\*\* p≤0.0001.](pone.0154305.g004){#pone.0154305.g004}

Basolateral cholesterol transporter gene expression was also evaluated in the intestine. The expression of *Abca1* and *ApoA1* remained unchanged following any of the treatments ([Fig 5A and 5B](#pone.0154305.g005){ref-type="fig"}), whereas *Ldlr* expression was increased following CHY and CHY+GSPE treatment ([Fig 5C](#pone.0154305.g005){ref-type="fig"}).

![Expression of genes involved in basolateral intestinal cholesterol transport following treatments.\
Gene expression was analyzed for (A) *Abca1*, (B) *ApoA1*, and (C) *Ldlr*. Statistical differences are shown as: \*p≤0.05, \*\* p≤0.01.](pone.0154305.g005){#pone.0154305.g005}

The small intestine is central to the regulation of whole-body cholesterol balance in mammals and is the second most active site for cholesterol synthesis \[[@pone.0154305.ref054]--[@pone.0154305.ref056]\]. Enterocytes are unusual in that they have three, rather than two, sources of cholesterol. Enterocytes uniquely absorb free cholesterol from the gut lumen, and they also share two ubiquitous sources with other cells, namely endogenous *de novo* synthesis and uptake of LDL-derived cholesterol from plasma. Increased cholesterol synthesis combined with increased uptake of LDL, via the Ldlr, in both the CHY-treated groups, could theoretically be a protective mechanism to maintain cholesterol homeostasis.

GSPE counteracts the cholestyramine-induced increase in hepatic cholesterol and triglyceride synthesis {#sec012}
------------------------------------------------------------------------------------------------------

After confirming that CHY alters intestinal cholesterol synthesis, we next examined the effect on hepatic cholesterol synthesis. As shown in [Fig 6A](#pone.0154305.g006){ref-type="fig"}, the expression of *Srebf2* remained unchanged following any treatments, while *Hmgcs1* expression was significantly increased by CHY, but not GSPE treatment, compared to control ([Fig 6A and 6B](#pone.0154305.g006){ref-type="fig"}). Intriguingly, treatment with GSPE in combination with CHY attenuated the CHY-induced increase in *Hmgcs1* expression ([Fig 6B](#pone.0154305.g006){ref-type="fig"}). *Hmgcr* and *Ldlr* expression also followed a similar pattern with GSPE attenuating the CHY-induced increase ([Fig 6C and 6D](#pone.0154305.g006){ref-type="fig"}).

![Hepatic cholesterol and lipogenic homeostatic gene expression following treatments.\
Gene expression was analyzed for (A) *Srebf2*, (B) *Hmgcs1*, (C) *Hmgcr*, (D) *Ldlr*, (E) *Srebf1c*, (F) *Acc1*, (G) *Fasn*, (H) *Scd1*, and (I) *ApoA5*. Statistical differences are shown as: \*p≤0.05, \*\* p≤0.01, \*\*\*p≤0.001, \*\*\*\* p≤0.0001.](pone.0154305.g006){#pone.0154305.g006}

The expression of *Srebf1c* was significantly increased in the CHY-treated group, consistent with previous reports \[[@pone.0154305.ref048]\]. In this particular study, although trending downwards, GSPE did not significantly decrease *Srebf1c* expression ([Fig 6E](#pone.0154305.g006){ref-type="fig"}). Interestingly however, combined treatment with CHY+GSPE attenuated the CHY-induced increase returning levels back to control. To determine whether this impacted Srebp1c-target gene expression, we next examined the expression of *Fasn*, *Acc1*, and *Scd1*. In agreement with increased *Srebf1c* expression, their expression was also induced following CHY-treatment, which was again attenuated following CHY+GSPE treatment ([Fig 6F, 6G and 6H](#pone.0154305.g006){ref-type="fig"}). Additionally, expression of *ApoA5*, which has been shown to increase plasma TG clearance and decrease VLDL synthesis \[[@pone.0154305.ref057], [@pone.0154305.ref058]\] was increased by GSPE, but not by CHY or CHY+GSPE ([Fig 6I](#pone.0154305.g006){ref-type="fig"}).

The evidence presented herein collectively suggests that the combined treatment with CHY+GSPE may reverse the CHY-induced increase in hepatic cholesterol and triglyceride synthesis. The effects exerted by GSPE, may be initiated via the increased requirement for BA biosynthesis, consequential to decreased intestinal *Asbt* expression. This would be consistent with the fact that Asbt inhibition triggers a feed forward upregulation in hepatic BA synthesis \[[@pone.0154305.ref059], [@pone.0154305.ref060]\]. Additionally, the increase in *Srebf1c* expression following CHY treatment could be consequential to the lack of intestinally derived Fgf15. Under normal circumstances, Fgf15 represses Srebp1c and its downstream lipogenic target-gene transcription, including *Fasn* and *Acc1* (Reviewed in \[[@pone.0154305.ref032]\]). The absence of Fgf15 in the CHY-treated animals ([Fig 1C](#pone.0154305.g001){ref-type="fig"}) would therefore lead to a consequential increase in Srebp1c and lipogenesis, consistent with the observed increase in *Srebf1c*, *Acc1*, *Fasn* and *Scd-1* expression ([Fig 6E, 6F, 6G and 6H](#pone.0154305.g006){ref-type="fig"}). GSPE was previously shown to repress *Srebf1c* in an Fxr-Shp-dependent manner \[[@pone.0154305.ref039], [@pone.0154305.ref044]\]. Therefore, the GSPE-induced repression of *Srebf1c* could lead to decreased lipogenesis despite the absence of *Fgf15* in the CHY+GSPE-treated animals.

GSPE and cholestyramine decrease serum bile acid, triglyceride and non-esterified fatty acid levels and increase fecal bile acid and lipid excretion {#sec013}
----------------------------------------------------------------------------------------------------------------------------------------------------

Following gene expression analysis, we looked at the consequential physiological effects. Serum BA levels were significantly reduced following treatment with either GSPE or CHY ([Fig 7A](#pone.0154305.g007){ref-type="fig"}), and were further reduced in the CHY+GSPE group, compared to control. As shown in [Fig 7B](#pone.0154305.g007){ref-type="fig"}, no changes in serum cholesterol levels were observed by any treatment regime, which is in agreement with previous reports showing that serum cholesterol levels are unlikely to be altered by CHY in a normolipidemic state \[[@pone.0154305.ref048]\]. However, serum TG levels were significantly decreased by all treatments compared to control, with GSPE exerting a 34% decrease; CHY a 56% decrease; and CHY+GSPE a 66.7% decrease compared to control ([Fig 7C](#pone.0154305.g007){ref-type="fig"}). Combined treatment with CHY+GSPE exerted a 25% additional decrease in serum TG levels compared to CHY alone. Serum NEFAs were also decreased in all three treatment groups, compared to control ([Fig 7D](#pone.0154305.g007){ref-type="fig"}). No detrimental effects were exerted in the liver by any of the treatments, as evidenced by the fact that ALT and AST levels were unchanged ([Fig 7E and 7F](#pone.0154305.g007){ref-type="fig"}).

![Serum Biochemical analysis following treatments.\
Serum analysis was performed for (A) bile acids (BA), (B) cholesterol (CHOL), (C) triglyceride (TG), (D) non-esterified fatty acids (NEFA), (E) alanine aminotransferase (ALT), and (F) aspartate aminotransferase (AST). Normal upper and lower limits for ALT and AST are represented by the dashed lines in (E) and (F). Statistical differences are shown as: \*p≤0.05, \*\*p≤0.01, \*\*\*p≤0.001, \*\*\*\* p≤0.0001.](pone.0154305.g007){#pone.0154305.g007}

Finally, the effect on fecal BA and lipid excretion was determined. Fecal BA excretion was significantly increased by administration with GSPE, CHY and CHY+GSPE ([Fig 8A](#pone.0154305.g008){ref-type="fig"}) in agreement with the observed reduction in serum BA levels ([Fig 7A](#pone.0154305.g007){ref-type="fig"}). Total fecal lipids were also increased by all treatments compared to control ([Fig 8B](#pone.0154305.g008){ref-type="fig"}). Consistent with the observed decrease in *Abcg5* expression ([Fig 3A](#pone.0154305.g003){ref-type="fig"}), fecal cholesterol excretion was also decreased by GSPE ([Fig 8C](#pone.0154305.g008){ref-type="fig"}), possibly because cholesterol is being conserved to synthesize BAs. Fecal NEFA levels were also unchanged following GSPE administration in the control-fed animals, however, CHY treatment caused a significant increase in fecal NEFA excretion ([Fig 8D](#pone.0154305.g008){ref-type="fig"}), consistent with the reduced serum NEFA levels ([Fig 7D](#pone.0154305.g007){ref-type="fig"}). Colestilan, another BA sequestrant, also causes increased NEFA incorporation into biliary secretions subsequently increasing fecal excretion \[[@pone.0154305.ref061]\], therefore, CHY may cause the observed effect via a similar mechanism.

![Fecal bile acid, cholesterol and lipid analysis following treatments.\
Feces were analyzed for (A) bile acids (BA), (B) total lipids, (C) cholesterol (CHOL), and (D) non-esterified fatty acids (NEFA). Statistical differences are shown as: \*p≤0.05, \*\*p≤0.01, \*\*\*\* p≤0.0001.](pone.0154305.g008){#pone.0154305.g008}

Conclusion {#sec014}
==========

Collectively, the data shows that GSPE and CHY, both independently and when combined differentially alter the expression of genes controlling BA, cholesterol and triglyceride homeostasis. Beginning in the intestine, GSPE decreases BA uptake by inhibiting *Asbt* expression, thereby limiting BA absorption via gene regulatory mechanisms. In contrast, CHY, by sequestering BAs, induces *Asbt* expression. Ultimately, both mechanisms of action lead to reduced serum BA levels and concomitant increased fecal BA excretion.

Importantly, CHY induces genes associated with cholesterol synthesis both in the intestine and liver. In comparison, GSPE co-administration selectively attenuates the CHY-induced increase in cholesterol synthetic gene expression in the liver, but not intestine. In addition, the findings suggest that cholesterol transport into the lumen of the intestine from the enterocyte, as well as from the lumen into the enterocyte is decreased by GSPE, but not CHY.

CHY and GSPE both increase BA biosynthesis independently, with a significant increase in *Cyp7a1* expression. In the presence of CHY+GSPE, *Cyp27a1* expression is significantly induced, as are *Cyp7a1* and *Cyp8b1*, which would theoretically lead to an increase in the production of both CA and CDCA. In the presence of GSPE only, neither *Cyp8b1* nor *Cyp27a1* were induced; while CHY increased *Cyp8b1* expression. Whether these gene changes lead to consequential changes in the BA pool composition requires further detailed analysis.

CHY increases hepatic lipogenic gene expression, whereas co-administration with GSPE attenuates these changes. Ultimately, both CHY and GSPE alone reduce serum TG levels, but they are reduced even further following co-administration, which is probably due to the combination of increased BA biosynthesis and decreased lipogenesis induced by GSPE. The findings from this study suggest that the decrease in *Fgf15* expression induced by treatment with CHY, GSPE or CHY+GSPE, lead to differential hepatic gene regulatory effects. In the CHY-treated animals, the absence of *Fgf15* facilitates relief from repression on Srebp1c, leading to not only increased *Srebf1c* gene expression, but also its downstream targets, including *Acc1*, *Fasn* and *Scd-1*. In contrast, due to the direct hepatic repression of *Srebf1c* by GSPE, the CHY-induced increase in lipogenic gene expression is attenuated, despite the lack of intestinally-derived *Fgf15* in the animals treated with both CHY+GSPE. Previous studies showed that the liver is the main site for protective effects of BA-Fxr signaling to combat lipid accumulation \[[@pone.0154305.ref062]\]. Notably, organ-specific deletion of hepatic Fxr resulted in lipid accumulation, which occurred independently from Fxr-Fgf15 signaling in the intestine \[[@pone.0154305.ref062]\]. These observations are consistent with the results from this study in the CHY+GSPE treated animals showing that although intestinal *Fgf15* expression is significantly reduced, GSPE still exerts a repressive effect on hepatic *Srebf1c* expression, an effect which we previously showed was mechanistically mediated in an Fxr-Shp dependent manner \[[@pone.0154305.ref039], [@pone.0154305.ref044]\].

Although we did not evaluate the protein expression levels of these gene products in this study, it is possible not only to conclude that intraluminal availability of BAs alters the expression of various genes relating to BA and lipid metabolism in the presence of CHY, but also that GSPE exerts independent effects to modulate BA and lipid metabolism resulting in physiological effects such as reduced lipogenesis and consequently further decreasing serum TG levels.

Due to the fact that BA sequestrants are not metabolized, there are no reported drug-drug interactions \[[@pone.0154305.ref022]\]. However, BA sequestrants are positively charged and they may bind non-specifically to co-administered drugs, particularly those that are acidic, ultimately reducing their bioavailability \[[@pone.0154305.ref022]\]. The differential effects exerted by GSPE both in the intestine and liver in the presence of CHY clearly indicate that CHY does not interfere with the absorption of GSPE nor its subsequent molecular actions.

Although BA sequestrant monotherapy effectively lowers LDL-cholesterol, combined therapy, e.g. with statins, is common due to their complementary mechanisms of action for those patients who require more aggressive lipid-lowering therapy. BA depletion leads to increased HMG CoA-reductase activity, therefore, interfering with this enzyme results in additive and complementary effects on the lipid profile. Results presented herein show that GSPE exerts beneficial effects by decreasing HMG CoA-reductase gene expression, selectively in the liver, when combined with CHY. Therefore combination therapy with CHY and GSPE may prove particularly efficacious and beneficial in the amelioration of CVD, clearly warranting further investigation. Although statins are the first-line drug to treat hypercholesterolemia, some patients are statin intolerant, for example those suffering from rhabdomyolysis or certain liver diseases, and they may benefit from combined therapy with CHY and GSPE. Furthermore, patients with hypertriglyceridemia who would not otherwise be prescribed CHY may benefit from the addition of GSPE with CHY since GSPE exerts a hypotriglyceridemic effect. Clearly further studies are needed to determine whether CHY in combination with GSPE as a lipid-lowering therapy can improve cardiovascular outcomes, slow atherosclerotic progression or reduce plaque build-up.

In conclusion, this study provides novel and innovative insight into the molecular regulatory interactions between GSPE and CHY. A natural product, such as GSPE, that can induce *Cyp7a1* gene expression, inhibit uptake of BAs produced in the process, and reduce lipogenesis may be valuable as a potential combinational therapy with CHY for the treatment of dyslipidemia.
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BA

:   Bile acid

CHY

:   Cholestyramine

GSPE

:   Grape seed procyanidin extract

TG

:   Triglyceride
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